1. Introduction {#sec1}
===============

Mitochondrial quality control is maintained generally through three different mechanisms: (1) mitochondrial biogenesis; (2) mitochondrial dynamics (fusion and fission); and (3) mitophagy. Broadly, mitochondrial quality control also includes mitochondrial intracellular trafficking/migration and mitochondrial intracellular communication with the nucleus and other organelles, such as endoplasmic reticulum and Golgi apparatus. Mitochondrial dysfunction has been proposed to be a key player in pathogenesis of many pulmonary diseases, such as chronic obstructive pulmonary disease (COPD), idiopathic pulmonary fibrosis (IPF), pulmonary hypertension, asthma, acute lung injury, and lung cancer \[[@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9]\]. Many of these disease conditions, including IPF, are thought to be related to aging, and accumulation of dysfunctional mitochondria is considered a marker for the pathological conditions but is also the key factor that drives disease progression.

Evolutionally, mitochondria originated from the integration of an endosymbiotic alphaproteobacterium in host cells to facilitate a more efficient way of generating ATP through aerobic respiration \[[@bib10],[@bib11]\]. The eventual transition to an intracellular organelle signifies the importance of mitochondrial quality control in maintaining cellular homeostasis. In the past years, in addition to their function as "the powerhouse of the cell," mitochondria have been shown to contribute profoundly to the regulation of signaling, metabolism, and cell death \[[@bib12]\].

The complexity of mitochondrial quality control in pulmonary fibrosis is also related to various effector lung cells as the etiology of pulmonary fibrosis remains unknown and many hypotheses involving different cell types exist. While most of the research has been conducted on the three main cell types, namely alveolar epithelial cells (AEC), lung macrophages and fibroblasts, there are possible contributions from other cells such as vascular endothelial cells, smooth muscle cells, and fibrocytes. In this review, we concentrate on recent advances in mitochondrial quality control in AECs, lung macrophages, and fibroblasts; however, there have been studies suggesting that mitochondrial biogenesis is upregulated in vascular smooth muscle cells in both asbestos- and bleomycin-injured mice \[[@bib13]\].

Given the evolution of the mitochondrion, it is not surprising that it is the only organelle, in addition to the nucleus, that contains its own DNA and transcription system. New mitochondria are not synthesized *de novo* but are generated through division from an existing mitochondrion. Mitochondrial biogenesis is a highly coordinated process utilizing both mitochondrial and nuclear encoded genes to increase mitochondrial size/mass. It requires synergetic efforts from mitochondria, nucleus, ER, and other organelles in the cell. The best documented regulator in mitochondrial biogenesis is PGC-1α, but other transcriptional factors, such as 5\' adenosine monophosphate-activated protein kinase (AMPK) and nuclear factor erythroid 2-related factor 1/2 (Nrf1/2) can also be involved \[[@bib14]\]. Biogenesis is not only important during homeostasis and proliferation, but stress signals known to induce mitophagy can also promote biogenesis \[[@bib15]\], suggesting biogenesis can serve as a possible rescue mechanism. However, dysregulated biogenesis can also lead to increased mitochondrial ROS (mtROS) production and drive disease progression in pulmonary fibrosis \[[@bib16],[@bib17]\].

Fusion (mitochondrial elongation) and fission (mitochondrial fragmentation) are not two separate processes but rather are interdependent. It has been hypothesized that mitochondrial dynamics are regulated in response to cellular stress. In mild to moderate stress conditions, cells mainly utilize fusion to combine damaged mitochondria with healthy mitochondria to offset the injuries. This will generate elongated mitochondria that can be spared from mitophagy. During severe stress conditions, normal or elongated mitochondria will undergo fission in which mitochondria will be separated into smaller compartments so the diseased part will be split from the healthy part, limiting further damage. The fragmented and damaged mitochondria will eventually be removed by mitophagy. Regulatory proteins involved in fusion are optic atrophy 1 (OPA1) and mitofusin (MFN1 and MFN2). Proteins involved in fission are dynamin-related protein (Drp1) and its mitochondrial receptors, mitochondrial fission 1 (FIS1) and mitochondrial fission factors \[[@bib18]\]. Increased numbers of mitochondria coordinate process involving both mitochondrial biogenesis and fission.

Mitophagy is a highly specialized form of autophagy called macroautophagy. The best-known regulators in mitophagy are PINK1 and PARK2. The canonical PINK1-PARK2-mediated mitophagy includes three steps: (1) PINK1 binds to mitochondrial outer membrane and recruits the E3 ligase PARK2; (2) PARK2 ubiquitinates mitochondrial proteins; and (3) SQSTM1/p62 binds ubiquitinated substrates to LC-3 ligands on autophagosomes. While this three-step process is the main pathway of mitophagy, PINK1 and PARK2 have additional function in maintaining cellular homeostasis. PINK1/PARK2 have been shown to induce ubiquitination of fusion-related proteins, such as MFN1 and MFN2, as a mechanism to diminish the opposing process of mitophagy in neuroblastoma cells \[[@bib19]\]. Interestingly, PARK2 binds to MFN2, but not MFN1, in HEK cells \[[@bib20]\]. This binding is important for PINK1-mediated PARK2 mitochondrial recruitment, and PINK1/MFN2/PARK2 interaction is critical for the development of dilated cardiomyopathy.

All three mitochondrial quality control processes are considered catabolic and energy demanding. Several of the key proteins in mitochondrial dynamics are GTPases, such as MFN1/2 and Drp1, and ubiquitination of mitophagy-related proteins requires ATP. Mitochondria supply energy for these processes through the highly efficient oxidative phosphorylation (OXPHOS). However, emerging evidence suggests that cellular bioenergetics also change during mitochondrial quality control. It is generally accepted that glycolysis, particularly aerobic glycolysis, is elevated in fibroblasts during pulmonary fibrosis \[[@bib21], [@bib22], [@bib23]\]. Changes in fatty acid oxidation also have been observed in pulmonary fibrosis, particularly in lung macrophages \[[@bib17]\]. Lung macrophages have augmented fatty acid oxidation that facilitates their profibrotic polarization.

Mitochondria contain DNA and their own transcriptional mechanism. Traditionally considered as a surrogate of oxidative injuries during pulmonary fibrosis, mitochondrial DNA (mtDNA) is emerging as an important topic in understanding the pathogenesis of IPF, predicting prognosis, and determining effectiveness of anti-fibrotic drugs. Due to its proximity to the origin of ROS production and lack of the sophisticated mechanisms of protection and repair, mtDNA are prone to sustained injuries \[[@bib24]\]. Many studies have evaluated mtDNA, particularly in its oxidized form, as an indicator of oxidative stress in AECs. Animal models with defects in mtDNA repair have exacerbated pulmonary fibrosis \[[@bib25]\]. Recent studies have highlighted the biological relevance of mtDNA more than a mere indicator of excessive ROS. Release of mtDNA can serve as a Damage-Associated Molecular Pattern (DAMP) and bind to toll-like receptor 9 (TLR9), which leads to a cascade of intracellular responses involving TGF-β1 production, release and activation \[[@bib26],[@bib27]\]. Moreover, extracellular mtDNA may be generated in an active production/secretary fashion related to mitochondrial biogenesis or mitophagy and have an autocrine or paracrine effect on fibroblasts to promote their transition into myofibroblasts. Translationally, mtDNA is increased in BAL fluid and serum of various fibrotic lung diseases, including IPF, and is correlated with increased mortality. Moreover, elevated expression of TLR9, the proposed mtDNA receptor, is correlated with rapid progression in IPF \[[@bib28]\]. In this review, we will focus on recent advances in mitochondrial quality control in AECs, lung macrophages, and fibroblasts to distinguish their differences during pulmonary fibrosis, a devastating chronic lung disease.

2. Alveolar epithelial cells {#sec2}
============================

The current and long-standing dogma is that recurrent epithelial cell injury and subsequent apoptosis are required for the development of lung fibrosis \[[@bib29], [@bib30], [@bib31]\]. In response to normal injury, type II AECs differentiate into type I AECs to promote re-epithelialization; however, in pulmonary fibrosis, AECs undergo apoptosis. The injury impairs the ability of the lung to replace type I cells, and type II cells undergo hyperplasia inducing ineffective re-epithelialization. Additionally, the loss of alveolar epithelium basement membrane integrity in the fibrotic lung promotes alveolar collapse. Data supporting this shows that type II AECs from IPF subjects stain positive for pro-apoptotic markers and show a reduction in anti-apoptotic markers compared with control subjects \[[@bib32]\]. Using experimental mouse models, the induction of type II AEC apoptosis promotes a fibrotic phenotype \[[@bib33]\] and inhibition of apoptosis attenuates pulmonary fibrosis \[[@bib34], [@bib35], [@bib36]\].

Emerging evidence indicates that mitochondrial damage occurs in IPF type II AECs. These cells from IPF subjects are increased in number and have enlarged and swollen mitochondria with disrupted cristae \[[@bib5],[@bib37]\]. Excessive mtROS production \[[@bib38],[@bib39]\] and reduced ETC complex I and IV activity \[[@bib5]\] in fibrotic type II AECs contribute to mitochondrial dysfunction ([Fig. 1](#fig1){ref-type="fig"}A). Implicating type II AEC mtROS in fibrosis, transgenic mice expressing mitochondrial-targeted catalase are protected from bleomycin- and asbestos-induced pulmonary fibrosis, and type II AECs from these mice show reduced mtROS levels compared to wild type mice \[[@bib39]\]. Nrf2 is an oxidant-sensitive transcription factor promoting antioxidant and detoxification genes with a fundamental role in regulating mitochondrial function \[[@bib40],[@bib41]\]. AECs isolated from *Nrf2*-deficient mice exhibit sensitivity to oxidant-induced cell death, dysregulated type II AEC proliferation \[[@bib42]\], and exaggerated fibrosis is response to bleomycin \[[@bib43]\].Fig. 1**Schematic of mitochondrial quality control in fibrotic type II alveolar epithelial cells.** (A) The production of mtROS promotes mtDNA damage by reducing the mitochondrial expression of SIRT3 and OGG1 to mediate AEC apoptosis. (B) Fibrotic type II AECs show increased ER stress that inhibits PINK1-mediated mitophagy to promote apoptosis. (C) Reduced PGC-1α expression leads to increased mitochondrial fusion (MFN1 and 2) and the accumulation of swollen and elongated mitochondria fibrotic type II AECs. Abbreviations: LC-II = Microtubule-associated protein 1A/1B-light chain 3; MFN = mitofusion; mtDNA = mitochondrial DNA; mtROS = mitochondrial reactive oxygen species; PINK1 = PTEN-induced putative kinase 1; PGC-1α = peroxisome proliferator-activated receptor-ɣ coactivator 1-α; OGG1 = 8-oxoguanine DNA glycosylase 1; SIRT3 = sirtuin 3.Fig. 1

Mitochondrial DNA (mtDNA) damage is linked to oxidative injury and pulmonary fibrosis. The DNA base excision repair enzyme, 8-oxoguanine DNA glycosylase 1 (OGG1), is critical for repair of type II AEC mtDNA oxidative damage \[[@bib44]\]. Type II AECs from IPF subjects show increased levels of DNA oxidation \[[@bib45]\], and *Ogg1*^*−/−*-^ mice are more susceptible to type II AEC mtDNA damage, oxidant-induced apoptosis, and asbestos-mediated lung fibrosis \[[@bib25]\]. Mitochondrial sirtuin 3 (SIRT3), a member of the sirtuin family of NAD-dependent deacetylaces, has been implicated in regulating lung fibrosis. SIRT3 function is decreased in type II AECs from IPF patients \[[@bib46]\], and *Sirt3*^*−/−*^ mice spontaneously develop lung fibrosis \[[@bib47]\] ([Fig. 1](#fig1){ref-type="fig"}A). Moreover, SIRT3 modulates mtDNA damage by regulating OGG1 and manganese superoxide dismutase (MnSOD) acetylation \[[@bib46]\], suggesting that SIRT3 deficiency leads to the acetylation and inactivation of mitochondrial proteins that augment oxidant-induced type II AEC mtDNA damage and apoptosis, thereby promoting pulmonary fibrosis.

The accumulation of dysfunctional mitochondria that is seen in IPF type II AECs is related to the downregulation of mitophagy \[[@bib48]\]. In type II AECs from the IPF lung, PINK1 expression is decreased \[[@bib5]\]. Impaired mitophagy is associated with enhanced AEC apoptosis and bleomycin-induced lung fibrosis in *Pink1*^*−/−*^ mice \[[@bib5],[@bib37]\] ([Fig. 1](#fig1){ref-type="fig"}B). Moreover, the pro-fibrotic cytokine TGF-β1 may protect lung epithelial cells by inducing PINK1 expression and attenuating AEC apoptosis, while silencing PINK1 in bronchial epithelial cells promotes TGF-β1-mediated apoptosis and mitochondrial depolarization \[[@bib5],[@bib37]\]. Although Kobayashi et al. observed enhanced bleomycin-induced lung fibrosis in *Park2*^*−/−*^ mice, no difference in type II AEC apoptosis was detected in these mice \[[@bib49]\]. The ER stress protein, ATF3 (activating transcription factor 3), is a negative regulator of PINK1 gene expression ([Fig. 1](#fig1){ref-type="fig"}B). Mice with a conditional deletion of *Atf3* in type II AECs were protected against bleomycin-induced fibrosis \[[@bib50]\]. Moreover, induction of ER stress reduced PINK1 expression in type II AECs, altered mitochondrial bioenergetics, and increased apoptosis \[[@bib5]\], implicating a functional link between endoplasmic reticulum stress, mitochondrial dysfunction, and fibrotic remodeling.

The generation of new and the removal of damaged or dysfunctional mitochondria are highly regulated processes that must be precisely coordinated for the maintenance of mitochondrial and cellular homeostasis. Mitophagy and mitochondrial biogenesis are typically co-dependent. In accordance with reduced mitophagy, PGC-1α expression is also reduced in type II AEC from bleomycin-exposed mice \[[@bib51]\] ([Fig. 1](#fig1){ref-type="fig"}C). A recent report demonstrated that thyroid hormone (T~3~) can attenuate bleomycin-induced lung fibrosis by promoting mitochondrial function and morphology, restoring mitochondrial membrane potential (Δψ~M~), and increasing oxygen consumption rates in type II AECs \[[@bib51]\]. The beneficial effects of T~3~ were associated with inhibition of mitochondria-regulated apoptosis dependent on intact expression of PGC-1α and PINK1 expression in type II AECs.

IPF type II AECs display enhanced mitochondrial fusion with increased MFN2 mRNA expression compared to healthy controls \[[@bib52]\]. Type II AECs isolated from bleomycin-exposed mice similarly show increased MFN1, MFN2, and Drp1 expression \[[@bib53]\]. Mice with a conditional deletion of *Mfn1* or *Mfn2* in type II AECs show enhanced fibrosis with *Mfn1* deletion leading to mitochondrial fragmentation, and *Mfn2* deletion results in swollen mitochondria after bleomycin exposure \[[@bib53]\]. Moreover, mice lacking both *Mfn1* and *Mfn2* in type II AECs develop spontaneous lung fibrosis with excessive mitochondrial dysfunction ([Fig. 1](#fig1){ref-type="fig"}C). Since mitochondrial function is closely associated with lipid metabolism, Chung *et al.* determined that type II AECs require mitofusins for surfactant lipid production providing a mechanistic link between mitochondrial dysfunction, impaired surfactant lipid synthesis in type II cells, and lung fibrosis development \[[@bib53]\]. This data supports the altered lipid profiles seen in IPF BAL fluid \[[@bib54]\], IPF lung \[[@bib55]\], and IPF type II AECs \[[@bib52]\].

Mitochondrial dysfunction in fibrotic type II AECs is characterized by excessive mtROS that promotes cell injury or apoptosis. These dysfunctional mitochondria show reduced mitophagy and the diminished expression of PGC-1α promotes the accumulation of dysmorphic mitochondria that become swollen, elongated, and have damaged cristae. These dysfunctional mitochondria are associated with increased ER stress and the down regulation of redox-regulated transcription factors. Because type II AECs are responsible for lipid metabolism and surfactant production, the alteration in metabolism of lipids in pulmonary fibrosis is secondary, in part, to the absence of proper mitochondrial function and mitochondrial-ER interactions.

3. Lung macrophages {#sec3}
===================

Macrophages are innate immune cells comprised of tissue-resident or recruited/infiltrating monocytes that are critical for maintaining homeostasis and repair of damaged tissue. Tissue-resident alveolar macrophages are derived from the yolk sac or fetal liver \[[@bib56], [@bib57], [@bib58]\]. They are long-living cells, capable of self-renewing, and are maintained independently of circulating monocytes \[[@bib59],[@bib60]\]. It is well established that recruited monocytes contribute to lung fibrosis as deletion of chemokine receptor 2 (CCR2), the receptor utilized for monocyte recruitment, or systemic administration of clodronate liposomes, which depletes circulating monocytes, protects mice from pulmonary fibrosis \[[@bib61], [@bib62], [@bib63], [@bib64]\]. However, the deletion of tissue-resident and monocyte-derived macrophages late in fibrosis delays resolution \[[@bib64]\]. Although type II AEC dysfunction may initiate the development of IPF \[[@bib29], [@bib30], [@bib31]\], recent findings suggest that repeated AEC injury is not required for fibrosis progression. Our group demonstrated that increased activation and mitochondrial localization of the small GTPase, Rac1, in monocyte-derived macrophages mediates lung fibrosis in the absence of lung injury and exacerbated fibrosis in the presence of injury \[[@bib65]\]. The augmented Rac1 activity does not induce type II AEC injury or apoptosis; however, macrophage-derived TGF-β1 production and activation are increased to mediate fibrosis by promoting monocyte-derived macrophage/fibroblast interaction.

The generation of mtROS plays a critical role in lung injury and subsequent fibrosis \[[@bib66],[@bib67]\]. Lung macrophages from IPF subjects generate increased mtROS \[[@bib6],[@bib68]\], similar to the increase seen in lung macrophages from asbestosis subjects \[[@bib69],[@bib70]\]. Levels of mtROS can be reduced in fibrotic macrophages by silencing the iron-sulfur protein, Rieske, in complex III of the mitochondrial ETC \[[@bib67],[@bib71]\]. The increased ROS levels in IPF lung macrophages is due to the increased recruitment of monocyte-derived macrophages \[[@bib72]\]. The increase in ROS levels is lung specific as this increase was not detected in blood monocytes isolated from IPF subjects.

Among the three superoxide dismutase (SOD) enzymes, Cu,Zn-SOD (SOD1), which is located in the cytosol and mitochondrial intermembrane space, is increased in asbestosis lung macrophages and contributes to the increased mtROS production by the dismutation of superoxide to hydrogen peroxide \[[@bib66]\] ([Fig. 2](#fig2){ref-type="fig"}A). In addition, mitochondrial SOD1 accelerates the development of pulmonary fibrosis by augmenting the profibrotic polarization of lung macrophages via redox regulation of the Jumonji domain-containing protein 3 \[[@bib70],[@bib73]\].Fig. 2**Schematic of mitochondrial quality control in fibrotic macrophages.** (A) Fibrotic lung macrophages show increased mtROS mediated by Cu,Zn-SOD and MCU. Enhanced mtROS polarized macrophages to a profibrotic phenotype via Jmjd3 in a redox-dependent manner. (B) The increased mitophagy seen in fibrotic lung macrophages increases TGF-β1 secretion and leads to apoptosis resistance. (C) Increased mitochondrial biogenesis in fibrotic lung macrophages is induced via upregulation of PGC-1α and increased ATP production. Abbreviations: Jmjd3 = Jumonji domain containing 3; MCU = mitochondrial calcium uniporter; PARK2 = E3 ubiquitin-protein ligase parkin; TFAM = mitochondrial transcription factor A; TGF-β1 = transforming growth factor β1; SOD = superoxide dismutase.Fig. 2

Mitochondrial quality control in lung macrophages, including processes such as mitophagy and mitochondrial biogenesis, are critical determinants in pulmonary fibrosis. Diminished mitochondrial quality control results in augmented mitochondrial dysfunction and increased mtROS that leads to decrease ATP production and promotes intrinsic apoptosis \[[@bib74], [@bib75], [@bib76]\]. Lung macrophages polarize to a profibrotic phenotype and are resistant to apoptosis in IPF subjects secondary to enhanced mitophagy \[[@bib6]\] ([Fig. 2](#fig2){ref-type="fig"}B). Furthermore lung macrophage mitochondria must undergo mitophagy to produce TGF-β1, as *Park2*^*−/−*^ mice fail to secrete TGF-β1 and are protected from bleomycin-induced fibrosis \[[@bib6]\]. Translational support of the importance of mitophagy in fibrosis progression showed that IPF subjects taking the rapamycin analog, everolimus, which increases mitophagy in macrophages, had disease progression \[[@bib77]\]. Moreover, rapamycin-treated mice showed increased active TGF-β1 in BAL fluid and exacerbation of fibrosis \[[@bib6]\]. These studies suggest that mitophagy contributes to macrophage apoptosis resistance, which is an essential feature in the pathogenesis of the disease.

The removal of dysfunctional mitochondria by mitophagy in fibrotic lung macrophages is associated with increased mitochondrial biogenesis in these cells. Levels of PGC-1α are increased in lung macrophages from IPF and asbestosis subjects \[[@bib16],[@bib17]\] ([Fig. 2](#fig2){ref-type="fig"}C). NOX4, which is also present in mitochondria \[[@bib78]\], has been shown to regulate mitochondrial biogenesis in fibrotic lung macrophages *via* mtROS production \[[@bib16]\]. Moreover, NOX4 regulated PGC-1α expression, and PGC-1α is required for NOX4-mediated mitochondrial biogenesis in fibrotic macrophages ([Fig. 2](#fig2){ref-type="fig"}C). The observed increase in mitochondrial biogenesis appears to be critical for sustaining the profibrotic phenotype of macrophages. *Nox4*^*−/−*^ macrophages fail to polarize to the profibrotic phenotype and show reduced mtROS production \[[@bib16]\], suggesting that mtROS and biogenesis are critical for the maintenance of the profibrotic macrophage phenotype.

Metabolic reprogramming that entails fatty acid oxidation (FAO) and OXPHOS is a key feature of profibrotic macrophages \[[@bib79],[@bib80]\]. Recent evidence indicates that metabolic reprogramming shifts glycolysis to FAO in macrophages from bleomycin- or asbestos-injured mice \[[@bib16],[@bib17]\]. The metabolic reprogramming in profibrotic macrophages is necessary to support long-term cellular activities (i.e., lung remodeling), as well as to promote the apoptotic resistance that is seen in these cells \[[@bib6],[@bib81], [@bib82], [@bib83]\]. Studies indicate that ATP levels are increased in BAL fluid and within lung macrophages from subjects with lung fibrosis \[[@bib84],[@bib85]\], and PGC-1α is required for ATP production in lung macrophage \[[@bib85]\] ([Fig. 2](#fig2){ref-type="fig"}C). Moreover, extracellular ATP has been shown in promote mitochondrial dysfunction and mtDNA oxidation in mouse macrophages \[[@bib86]\].

Calcium homeostasis plays a critical role in mitochondrial quality control. IPF and asbestosis subjects have higher mitochondrial calcium levels in lung macrophages compared with normal subjects \[[@bib17],[@bib85]\]. The mitochondrial calcium uniporter (MCU), a highly selective ion channel transporting calcium into the mitochondria, is also increased in the lung macrophages from fibrosis subjects ([Fig. 2](#fig2){ref-type="fig"}A). An increase in mitochondrial calcium levels is associated with a loss of mitochondrial membrane potential (Δψ~M~). Lung macrophages isolated from asbestos-exposed WT mice showed a loss in Δψ~M~, which was not seen in asbestos-exposed MCU ^±^ mice \[[@bib85]\]. During ER stress, calcium is released from the ER and enters mitochondria. ER stress has been reported in macrophages isolated from IPF and asbestosis subjects and in bleomycin and asbestosis-exposed mice \[[@bib87],[@bib88]\] ([Fig. 2](#fig2){ref-type="fig"}A). Calcium influx into the mitochondria is suggested to regulate OXPHOS and may promote an adaptive response to acute ER stress \[[@bib85],[@bib89]\]. Moreover, MCU regulates PGC-1α expression ([Fig. 2](#fig2){ref-type="fig"}C) to mediate metabolic reprogramming in fibrotic lung macrophages \[[@bib17]\].

Mitochondrial-derived ROS have been linked to inflammasome activation \[[@bib90]\], and asbestos or silica, which can cause pulmonary fibrosis, are known to activate the NLRP3 inflammasome \[[@bib91],[@bib92]\]. Likewise, lung macrophages from IPF subjects show increased NLRP3 inflammasome expression \[[@bib93]\]. Vimentin intermediate filaments are known to modulate mitochondrial motility \[[@bib94]\], and lack of vimentin results in increased ROS production \[[@bib95]\]. Furthermore, mtROS is required for inflammasome priming \[[@bib96]\], and vimentin is critical for NLRP3 inflammasome assembly and activation in pulmonary fibrosis \[[@bib97]\].

Lung macrophages contribute to the pathogenesis of pulmonary fibrosis by initiating an immune response and by generating mtROS. The increase in mtROS promotes mitophagy to clear the dysfunctional mitochondria. Mitochondria from fibrotic lung macrophages maintain functionality through increased biogenesis and fission. The impact of the increased mitochondrial turnover leads to enhanced mitochondrial ATP content. The increased mtROS that is seen in these cells also promotes ER stress and an influx of calcium into the mitochondria. Lung macrophages in pulmonary fibrosis exhibit apoptosis resistance, and their prolonged survival is associated with disease progression. Fibrotic lung macrophages also undergo metabolic reprogramming to FAO, which is regulated by mtROS, to support the long-term cellular activities necessary for lung remodeling.

4. Lung fibroblasts {#sec4}
===================

IPF lung fibroblasts have reduced mitochondrial mass, disrupted membranes, and altered cristae compared with lung fibroblasts from normal subjects, suggesting changes in mitochondrial homeostasis \[[@bib98]\]. Studies concentrating on the three different aspects of mitochondrial homeostasis (biogenesis, dynamics, and mitophagy) provide many potential mechanisms of how fibroblast mitochondrial quality control actively participate in the pathogenesis of pulmonary fibrosis.

Much of the research on mitochondrial biogenesis focuses on PGC-1α, although contradicting data exist. TGF-β1 has been shown to activate PGC-1α; and induce mitochondrial biogenesis and bioenergetics in fibroblasts *in vitro* \[[@bib99],[@bib100]\]. This augmented mitochondrial biogenesis is required to maintain the differentiated status of myofibroblasts. Interestingly, increasing mitochondrial biogenesis does not increase fibronectin and collagen IA1 expression, suggesting a multi-latitude of regulatory mechanisms for matrix protein production or degradation. In contrast, another study showed that PGC-1α level is suppressed in primary IPF fibroblasts, and overexpression PGC-1α can reverse the profibrotic phenotype of IPF fibroblasts with reduction of collagen production \[[@bib101]\]. Inhibiting PGC-1α in normal primary lung fibroblasts and IMR90 lung fibroblasts leads to augmented collagen protein production. Activation of PGC-1α with a PPARɣ activator, rosiglitazone, can induce PGC-1α expression and reduce collagen gene expression. A PGC-1α-independent mechanism of mitochondrial biogenesis was also reported \[[@bib41]\]. TGF-β1 induces NOX4 expression in fibroblasts and subsequent mtROS production \[[@bib102]\] ([Fig. 3](#fig3){ref-type="fig"}A). NOX4, which is increased in IPF fibroblasts and promotes pulmonary fibrosis, suppresses mitochondrial biogenesis, and reduces OXPHOS. NOX4 modulates mitochondrial biogenesis by regulating Nrf2 expression and its nuclear translocation ([Fig. 3](#fig3){ref-type="fig"}B). Pharmacological inhibition or genetic silencing of NOX4 promotes mitochondrial biogenesis in fibroblasts.Fig. 3**Schematic of mitochondrial quality control in fibrotic fibroblasts.** (A) Increased mtROS promotes the release of mtDNA in fibrotic lung fibroblasts through TGF-β1-mediated NOX4 signaling. (B) The reduced biogenesis seen in fibrotic fibroblasts is through a PGC-1α-independent mechanism and a NOX4-mediated downregulation of Nrf2. (C) Reduced mitophagy in fibrotic lung fibroblasts promotes apoptosis resistance, and the increased fission is mediated by mtROS production. Abbreviations: α-SMA = α-smooth muscle actin; NOX4 = NADPH-oxidase 4; Nrf2 = Nuclear factor erythroid-derived 2-like 2.Fig. 3

The AMPK pathway plays a critical role in myofibroblasts differentiation and autophagy. Early research has shown that despite AMPK pathway activation in IPF lungs, there is no change of autophagy \[[@bib103]\]. To note, these were measured in whole lung homogenates that lack specificity to cell types. TGF-β1 inhibits autophagy in human lung fibroblasts. Moreover, inhibition of autophagy by silencing LC3 increases α-SMA expression in fibroblasts. A recent study addressed AMPK activities in different cells types in pulmonary fibrosis. While AMPK activities remain unchanged in airway epithelial cells between normal and IPF lungs, AMPK activities are significantly reduced in the fibrotic foci where active myofibroblasts are located \[[@bib104]\]. IPF fibroblasts have reduced AMPK activity and reduced autophagy, which is linked to mitochondrial dysfunction and metabolic reprogramming. IPF myofibroblasts have more fragmented mitochondria secondary to a defective mechanism involving mitophagy ([Fig. 3](#fig3){ref-type="fig"}C). Activation of AMPK pathway with a pharmacological activator, metformin, reversed established pulmonary fibrosis in an animal model of pulmonary fibrosis \[[@bib104]\]. AMPK activation also transposed the apoptosis-resistant phenotype observed in IPF fibroblasts. One of the proposed mechanisms of fibroblast reversal from apoptotic resistance is through increasing AMPK-activated mitochondrial biogenesis.

Several recent studies have specifically evaluated mitophagy in pulmonary fibrosis by focusing on mitophagy-specific proteins, such as PINK1 and PARK2. TGF-β1 treatment inhibits PINK1 and PARK2 expression in lung fibroblast cell lines \[[@bib105]\] ([Fig. 3](#fig3){ref-type="fig"}C). Targeting PINK1 and PARK2, Kobayashi *et al*. showed that silencing either gene is able to induce α-SMA expression in lung fibroblasts with a greater extent seen in *PARK2*^−/−^ fibroblasts \[[@bib49]\]. Although no significant mitochondrial damage was observed by electron microscopy, increased mtROS production was detected biochemically, which can be attenuated by either *N*-acetylcysteine (NAC) or Mito-TEMPO. Surprisingly, no changes in both fusion-related (OPA1 and MFN1/2) and fission-related (Drp1 and FIS1) proteins were observed in *PARK2* null fibroblasts compared with wildtype fibroblasts. Additionally, no differences were observed in ATP production between wildtype and *PARK2*^*−*/−^ fibroblasts. Silencing PARK2 resulted in increased phosphorylation of Akt1 and PDGF, and the Akt1/2 inhibitor blocked α-SMA expression and PDGFR phosphorylation in *PARK2*^*−*/−^ fibroblasts, suggesting an important role of Akt in mitochondrial dynamics and fibrosis progression \[[@bib106]\]. Using a PDGF inhibitor, AG1296, the authors demonstrate that mice are protected from developing pulmonary fibrosis and conclude that in fibroblasts, PARK2-mediated mitophagy mainly regulates fibroblast differentiation through PDGFR/Akt signaling pathway. The same authors further demonstrate that pirfenidone, one of the two FDA-approved anti-fibrotic medications, induce PARK2 but not PINK1 expression and promote mitophagy in fibroblasts. Mechanistically, pirfenidone inhibits ROS production and abrogates Akt activation in PARK2 null fibroblasts. Further studies are needed to address the knowledge gap of mitophagy-specific genes in different types of fibrosis-promoting cells during fibrogenesis.

One proposed mechanism of regulating PARK2-mediated mitophagy in pulmonary fibrosis is through miR-1224--5p \[[@bib105]\]. TGF-β1 treatment inhibits PARK2 mitochondrial translocation, which is rescued by a miR-1224--5p inhibitor *in vitro*. miR-1224--5p binds to the promoter region of *becn1* gene and inhibits its expression. Immunoprecipitation experiments further verified that beclin-1, which can also induce autophagy/mitophagy, binds to PARK2. In an experimental silicosis model, miR-1224--5p levels are increased, and the expression of beclin-1 is reduced in mice exposed to silica \[[@bib107]\]. Similarly, these authors showed that silencing PARK2 leads to activation of Akt/PDGFR pathways and increased α-SMA expression in fibroblasts.

Limited studies have investigated the role of mitochondrial fusion and fission in fibroblasts during pulmonary fibrosis. One study showed that astaxanthin, a carotenoid usually used as dietary supplement, can induce Drp1 expression and mitochondrial translocation that leads to enhanced fission and apoptosis in human fibroblasts and bleomycin-injured mice. However, TGF-β1 treatment does not alter mitochondrial fission \[[@bib108]\]. The authors proposed that the protective mechanism of astaxanthin in bleomycin-injured mice is secondary to fission and apoptosis of myofibroblasts; however, additional experiments utilizing mice harboring a selective deletion of fission-associated genes, such as *Drp1*, are required to validate these observations.

Mitochondrial DNA is an emerging research area due to its translational significance as a biomarker of mitochondrial homeostasis and cellular injuries in various disease conditions, such as ARDS, COPD and various fibrotic lung diseases, including IPF. Studies have shown that IPF fibroblasts produce increased amount of mtDNA *in vitro* \[[@bib23]\]. Similarly, normal lung fibroblasts have increased mtDNA production upon stimulation of TGF-β1. Furthermore, mtDNA is elevated in bronchoalveolar lavage fluid and plasma of IPF subjects ([Fig. 3](#fig3){ref-type="fig"}A). From a biomarker standpoint, elevated serum mtDNA is correlated with increased all-cause mortality in IPF, and mtDNA is reduced in IPF subjects that respond to pirfenidone treatment \[[@bib23]\]. Although the authors did not specifically address whether increasing mtDNA is a direct result of either mitochondrial biogenesis or mitophagy, they showed that TGF-β1-stimulated fibroblasts have reduced mitochondrial mass, elongation and enlargement, and maintenance of Δψ~M~. The authors postulate that elevated extracellular mtDNA is not related to cell viability (i.e., not secondary to increasing apoptosis or necrosis), but rather is the result of a potential active releasing/production that may enhance fibroblasts differentiation into myofibroblasts ([Fig. 3](#fig3){ref-type="fig"}A). In contrast, Bueno *et al.*, showed that there are no differences in mtDNA production by IPF fibroblasts compared with age-matched normal fibroblasts \[[@bib109]\]. Given mtDNA is found to be elevated in various fibrotic lung diseases, including IPF, sarcoidosis, hypersensitivity pneumonitis, and ILD caused by connective tissue diseases, it is critical to further delineate the role(s) and mechanism(s) that lead to increased extracellular mtDNA given its translational importance in determining drug efficacy and predicting prognosis, at least, in IPF.

During fibrosis, fibroblasts have augmented mitochondrial dysfunction and generate increased mtROS while having suppressed mitophagy and mitochondrial biogenesis that promotes differentiation into myofibroblasts. The suppression of mitophagy and biogenesis also contributes to apoptosis resistance. The evidence supporting the role of mtDNA as a biomarker and prognostic indicator has translational and clinical importance. Thus, attenuation of the production and release of mtDNA from fibroblasts during differentiation may be a therapeutic target.

5. Conclusion {#sec5}
=============

The most common form of pulmonary fibrosis, idiopathic pulmonary fibrosis is a devastating disease affecting approximately 3 million people worldwide and has a high mortality rate \[[@bib110]\]. The currently approved therapies, pirfenidone and nintedanib, have limited efficacy in that neither drug is associated with improvements in quality of life or mortality and only show modest improvements in disease symptoms \[[@bib111],[@bib112]\]. Emerging evidence suggest that the contribution of mitochondrial dysfunction is a key player in the pathophysiology of lung diseases, such as IPF.

Mitochondrial quality control is an important determinant for bioenergetic changes that occur in response to metabolic stress. Disrupted mitochondrial quality control is associated with changes in mitochondrial morphology, OXPHOS, excessive mtROS production, decline in mitochondrial membrane potential, altered energy production, modulated intracellular calcium flux, and activation of cell death mechanisms/apoptosis ([Table 1](#tbl1){ref-type="table"}). Changes in mitochondrial quality control including mitophagy, mitochondrial biogenesis, and mitochondrial dynamics (fission and fusion) are critical to maintain cell homeostasis. A recent study highlighted a core set of genes that changed in the IPF lung before fibrosis was histologically evident and continued to change with disease progression \[[@bib113]\]. Systems biology analysis revealed that genes related to mitochondrial transport, mitochondrial trafficking, and mitochondrial organization were found to be altered with advanced fibrosis, potentially explaining the loss of mitochondrial quality control that occurs during fibrogenesis.Table 1Changes of key factors in mitochondrial quality control during pulmonary fibrosis.Table 1mtROSBiogenesisDynamicsMitophagyBioenergeticsATPApoptosisReferencesFusionFissionAEC II++─+──Glycolysis─+\[[@bib5],[@bib37], [@bib38], [@bib39],[@bib43],[@bib45],[@bib48],[@bib50],[@bib51],[@bib53],[@bib54]\]Macrophages+++++++++β-oxidation++─\[[@bib6],[@bib16],[@bib17],[@bib65], [@bib66], [@bib67],[@bib69], [@bib70], [@bib71],[@bib83],[@bib85]\]Fibroblasts+++/──++─Glycolysis──\[[@bib41],[@bib49],[@bib98], [@bib99], [@bib100], [@bib101],[@bib104], [@bib105], [@bib106], [@bib107]\][^2]

The mitochondrial quality control system plays various roles in different cell types within the context of pulmonary fibrosis. While type II AECs, lung macrophages, and fibroblasts all show increased mtROS production in fibrotic lungs, their response to the excessive ROS differs. Type II AECs undergo apoptosis in response to increased mtROS; however, lung macrophages and fibroblasts display apoptosis resistance. Mitochondria from fibrotic type II AECs become swollen and enlarged, but mitophagy and biogenesis are reduced. In contrast, dysfunctional mitochondria from fibrotic lung macrophages are removed via mitophagy, subsequently biogenesis increases and mitochondria undergo fission. Fibrotic fibroblasts show reduced mitophagy and mitochondrial biogenesis, but enhanced fission/fragmentation is seen, leading to a pool of dysfunctional mitochondria. In response to increasing oxidative stress, all three cell types undergo a dramatic metabolic reprogramming ([Table 1](#tbl1){ref-type="table"}). A loss in lipid synthesis in type II AECs leads to impaired production of cholesterol and phospholipids required for surfactant synthesis. Fatty acid oxidation and OXPHOS in fibrotic lung macrophages promote the sustained profibrotic phenotype that potentiates dysregulated repair. Many rate-limiting glycolytic enzymes are upregulated in fibrotic lung fibroblasts promoting an increase in glycolytic flux. These metabolic reprogramming events are critical for driving the profibrotic behaviors and contribute to the development and progression of lung fibrosis.

A randomized clinical trial using NAC failed to improve clinical outcomes (changes of lung function, rate of death, or acute exacerbation) in patients with IPF \[[@bib114]\]. Although attempts to alter ROS with general antioxidants have been largely unsuccessful, the failure of the NAC trial may have resulted from an incomplete understanding of role of mtROS and IPF development. Strategies to target mitochondria with organelle specific drugs are being developed. MitoQ, a mitochondrial targeted antioxidant, has been shown to attenuate expression of TGF-β1 and NOX4 in IPF lung fibroblasts \[[@bib115]\]. In addition, transgenic mice expressing mitochondrial catalase are protected from asbestos- and bleomycin-induced lung fibrosis and had lower levels of mtDNA damage \[[@bib39]\]. Furthermore, using lung tissue and/or cells from patients undergoing biopsy or lung transplantation to develop 3D lung organoids (pulmospheres) may aide in the ability to target cell-specific mitochondria for a personalized medicine approach \[[@bib116]\]. The growing interest in mitochondrial biology may provide new avenues to identify novel therapeutics.
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[^1]: These authors contributed equally to this manuscript.

[^2]: [Table 1](#tbl1){ref-type="table"}: Comparison of mitochondrial quality control and its key modulator/effectors between AECII, macrophages, and fibroblasts during pulmonary fibrosis. AECII have attenuated biogenesis and mitophagy with predominantly glycolysis-driven metabolism. This leads to reduced ATP and increased mtROS production, which leads to apoptosis. Macrophages have augmented biogenesis and mitophagy with augmented fatty acids β-oxidation and ATP production. As the result, they become resistant to apoptosis. Fibroblasts have increased fission but reduced mitophagy, collectively causing increased mtROS and reduced ATP production. Metabolically, fibroblasts also have increased glycolysis and shown to be apoptosis resistance.
